The garden dormouse, Eliomys quercinus (Rodentia, Gliridae), displays a surprisingly high karyotypic diversity, with the number of chromosomes varying between 2N ¼ 48 and 2N ¼ 54. We aimed to assess whether the karyotypic diversity is congruent with the mitochondrial differentiation of the populations; improve our understanding of the taxonomic relationships between garden dormouse populations based on both chromosomal and mitochondrial information; and establish the phylogeographic history of the species and the time of differentiation of mitochondrial lineages of E. quercinus and E. melanurus. For this purpose we sequenced the mitochondrial cytochrome-b (Cytb) gene for 62 E. quercinus and 4 E. melanurus from 27 localities representing all the known chromosomal races of the genus Eliomys in the western Palearctic region. Our results 1st showed that populations of E. quercinus are separated into 4 evolutionarily significant units partially congruent with the chromosomal races and corresponding to Iberian (2N ¼ 48), Italian (2N ¼ 48 or 50), western European (2N ¼ 48, 49, or 50), and Alpine (2N ¼ 52 or 54) mitochondrial lineages or clades. The existence of hybrid individuals between chromosomal races and the presence of several chromosomal races within each mitochondrial lineage both indicate that gene flow persists between chromosomal races. Second, we estimated that the major mitochondrial lineages differentiated from each other around 4.2 6 SD 1 million years ago, thus predating the Quaternary glaciations. Third, E. quercinus displayed a higher haplotypic variability in the Mediterranean peninsula than in the northwestern European populations. However, E. quercinus did not show a pattern of postglacial recolonization of northwestern Europe from Iberian or Italian populations. Our results also suggest that additional, unexpected refuge regions around the Alps exist for the species. Such information will be useful for deciphering the priorities for the protection of E. quercinus, which is listed as ''Near Threatened'' on the International Union for the Conservation of Nature Red List of Threatened Species and is protected by Appendix III of the Bern Convention.
. It thus becomes relevant to determine the population genetic structure of the species in order to identify evolutionarily significant units (Fraser and Bernatchez 2001; Moritz 1994) . Determining the biogeography of unique lineages of E. quercinus will allow conservation biologists to specify which regions contain evolutionarily distinct groups and their conservation priority.
The species is mainly distributed in the Palearctic region, although several species of the genus Graphiurus are found in southern and central Africa. E. quercinus is widespread in southwestern Europe, in most of the western Mediterranean islands, and in localized areas from central and northern Europe (Fig. 1 ). Similar to all Gliridae from temperate regions, E. quercinus displays a long period of hibernation and an arboreal lifestyle. The garden dormouse is more terrestrial than the other representatives of its family and is most abundant in rocky zones, orchards, and gardens (Bertolino 2007; Bertolino and Cordero di Montezemolo 2007; Bertolino et al. 2003; Filippucci 1999 ). Its diet is omnivorous and is composed of insects, fruits, and small vertebrates such as hatchlings or small birds and mammals (Gil-Delgado et al. 2009 .
Information about the population genetic structure of E. quercinus is available from karyotypic data, which show a surprisingly high variability across the distribution range of the species ( Fig. 1 ; Table 1 and references therein; Libois et al. 2012) . Previous studies have shown evidence of sympatry among divergent chromosomal races at specific locations such as Gran Paradiso National Park in Italy (Cristaldi and Canipari 1976) and evidence of hybrids in Vendée (France) where Iberian 48-chromosome and western European 50-chromosome races come into contact. These findings suggest that hybrids between chromosomal races may be viable and that the karyotypic differentiation does not correlate necessarily with reproductive isolation nor with genetic differentiation observed with other molecular markers (e.g., Madeiran house mouse [Mus musculus domesticus-Förster et al. 2009] ; but see southern African pygmy mouse [Mus minutoides- Veyrunes et al. 2010] ). Similar patterns of distinct chromosomal races in the sibling species E. quercinus and E. melanurus have been found across their distribution ranges ( Fig. 1 ; Table 1 ).
High karyotypic variability has been observed in other mammals, mainly in rodents and insectivores (e.g., the common shrew [Sorex araneus -Polyakov et al. 2011] , the Madeiran house mouse [M. musculus domesticus- BrittonDavidian et al. 2000; Mitsainas and Giagia-Athanasopoulou 2005] , and the Brazilian marsh rat [Holochilus brasiliensisNachman and Myers 1989]); however, such a large karyotypic diversity is usually typical of higher taxonomic levels (e.g., Cetacea and Pinnipedia [Árnason 1972 ], European rodents [Mitsainas et al. 2008] , and the field mouse genus Calomys [Salazar-Bravo et al. 2001] ). The chromosomal diversity of the genus Eliomys is unusually high compared to other Gliridae, for which the number of chromosomes is almost fixed in each species (for a review of the literature, see Table 1 ). The unusually high karyotypic diversity of E. quercinus thus deserves an explanation of the extent of gene flow existing between races, especially because populations with different numbers of chromosomes can live in sympatry (in the Alps) and because hybrid individuals can be found at the margins of distinct chromosomal races (in Vendée, France).
In addition to chromosomal variation observed within E. quercinus, large morphological variation is present across the distribution of this species (Filippucci et al. 1988a; Kryštufek and Kraft 1997) . However, this morphological diversity does not correspond to chromosomal races, which has led to uncertainties regarding the taxonomic status of garden dormouse populations (Cristaldi and Canipari 1976; Filippucci et al. 1988a ). In the past decades, 5 or more species have been described in the genus Eliomys across Europe (Miller 1912, cited in Kryštufek and Kraft 1997) . These taxonomic changes can have important consequences on the protection status of garden dormouse populations and thus on the long-term persistence of the garden dormouse karyotypic and morphological diversities. The biogeographic history and the genetic structure of garden dormouse populations thus need to be assessed using independent molecular markers.
In this context, we produced a molecular phylogeography by sequencing the cytochrome-b (Cytb) gene for 66 individuals of Eliomys distributed over almost the entire distributional range of the species. Our aims were to assess the level of congruence between the previously identified chromosomal races and the identified Cytb mitochondrial lineages; improve our understanding of the taxonomic relationships between garden dormouse populations based on both chromosomal and mitochondrial information; and establish the phylogeographic history of the species including the existence and the localization of former refuge regions during the Quaternary ice ages, the routes of colonization of some Mediterranean islands, and the time of differentiation of mitochondrial lineages of E. quercinus and E. melanurus, by comparison of Filippucci et al. 1988a; Godena et al. 1978; Gornung et al. 2010; Graphodatsky and Fokin 1993; Murariu et al. 1985; Orsini 1987; Vujosevic et al. 1993 Filippucci et al. 1988a Filippucci et al. , 1990 Leonard et al. 1970; Libois et al. 2012; Tranier and Petter 1978; Zima et al. 1997 Delibes et al. 1980; Filippucci et al. 1988a Filippucci et al. , 1990 Tranier and Petter 1978 48 Negev Desert (Israel) Filippucci et al. 1988a Filippucci et al. , 1990 
MATERIALS AND METHODS
Sample collection and sequencing.-A total of 66 individuals of Eliomys from 27 localities spread over 10 countries of western Europe and the Mediterranean Basin were analyzed, including 56 individuals for which the karyotype was previously established (Table 1) . DNA from Eliomys sp. was extracted from approximately 10 mg of tissue conserved in alcohol using a cetyltrimethylammonium bromide protocol following Goüy de Bellocq et al. (2001) . Dry DNA pellets were diluted in 30 ll of ultrapure water for polymerase chain reaction amplification.
Respectively, 792 or 718 base pairs (bp) of the Cytb gene from the mitochondrial genome were amplified using the primers 1F (5 0 -CCG CTA TAT ACA CGT AAC GC-3 0 ) and 1R (5 0 -CTG GTT GCC CAC CGA TTC AGG T-3 0 ), or 2F (5 0 -GGA-CGC-GGR-ATT-TAC-TAY-GG-3 0 ) and 2R (5 0 -TTC-AGG-TYA-GGG-TTA-GGA-GGT-C-3 0 ). Amplification reactions were carried out in a volume of 20 ll including 2 ll of 10x reaction buffer þ Mg (Roche), 0.8 ll of 25 mM MgCl 2 (Roche), 1 ll of 10 lM of each primer, 4 ll of 5 M Betaine (Sigma), 0.16 ll of 5 U/ml Taq DNA polymerase (Roche), and 1 ll of genomic DNA at 50-300 ng/ll. Amplification was performed using an Applied Biosystems 2720 Thermal Cycler (Applied Biosystems) with 40 cycles (45 s at 948C, 45 s at 498C, and 120 s at 728C) after an initial step at 948C for 4 min and a final extension step at 728C for 10 min. Amplification of degraded samples was done with a ''touch-down'' procedure for which the annealing temperature was decreased by 0.58C per cycle starting at 558C to 498C in the first 14 cycles and then maintained at 498C for the last 21 cycles. Polymerase chain reaction products were purified with Exo-SAP kit (USB) and both strands were sequenced by Macrogen Netherlands on a 23 ABI 3730XLs Applied Biosystems sequencer (Applied Biosystems).
Phylogenetic and network analyses.-Cytochrome-b gene sequences were aligned using BioEdit version 7.0.5.3 (Hall 1999 ) and the edible dormouse (Glis glis) and forest dormouse (Dryomys nitedula) were used as outgroups. The mean transition to transversion ratio was estimated using the computer program Arlequin 3.1 (Excoffier et al. 2006 ) and the nucleotide frequencies were provided by MEGA5 (Tamura et al. 2011) . The Akaike information criterion and Bayesian information criterion were both used in jModelTest 0.1.1 (Posada 2008 ) to determine the best-fit substitution model for the garden dormouse phylogenetic reconstructions, which was HKY85þG (Hasegawa et al. 1985) with gamma a ¼ 0.187. Phylogenetic reconstructions were performed by maximum likelihood in PhyML 3.0 (Guindon et al. 2010 ) and MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) . The robustness of inferences was assessed by bootstrap resampling (Felsenstein 1985) in PhyML using 10,000 random maximum-likelihood repetitions. Bayesian posterior probabilities were obtained from the 50% majority rules consensus of trees sampled every 100 generations for 2,000,000 generations, after removing trees obtained before chains reached stationarity (burn-in determined following authors' recommendations for 10,000 generations). Networks were constructed using the minimum spanning network method (minspnet in Arlequin 3.1- Excoffier et al. 2006) , median-joining network (Network 4.600 [www.fluxusengineering.com]- Bandelt et al. 1999) , and maximumparsimony network method (TCS 1.21- Clement et al. 2000) .
Phylogeographical and genetic structure analyses of Eliomys quercinus.-A ''mismatch distribution'' of substitutional differences between pairs of haplotypes was calculated within each of the main mitochondrial lineages and compared with the Poisson model using DnaSP version 5.10 (Librado and Rozas 2009 ). This analysis tests for evidence of a recent range expansion. Population genetic structure and differentiation of E. quercinus were determined by analyzing the molecular variance (analysis of molecular variance [AMOVA] ; available in Arlequin 3.1 program [Excoffier et al. 2006] ). We used this method to estimate how the genetic variability observed between haplotypes is distributed across 3 hierarchical levels of population subdivisions. We defined these population subdivisions based on the phylogenetic structure and geographical distribution of haplotypes among the 4 mitochondrial lineages (clades hereafter) identified by the phylogenetic analyses (see Figs. 1 and 2); among the 23 populations within each mitochondrial lineage ( Fig. 1 ; Table 1 ; Appendix I); and within populations. Haplotypes were assigned to the different groups independently from the information about chromosomal races to allow the comparison of the results gathered by both approaches.
Nucleotide (p) and haplotype (h) diversities were estimated using DNAsp 5.10 (Librado and Rozas 2009), whereas genetic divergence (GD) among the groups of samples were obtained using a distance analysis (Kimura's 2-parameter distance estimator [K2P- Kimura 1980] in MEGA5.05 [Tamura et al. 2011] ). p, h, and mean GD were compared among populations belonging to the same clade (intraclade values) and populations belonging to different clades (interclade values); among western European and Alpine clades versus Iberian and Italian clades to assess whether nucleotide diversity was higher within the potential refuge regions as compared to northern populations; between more northern and more southern populations within the Iberian clade (Formentera and Portugal versus Charente, Lozère, and Pyrenees populations ( Fig. 1 ; Table 2 ) and between the western and eastern populations of the western European clade to assess whether the postglacial colonization followed the western European axis (Loiret, Normandy, and Vendée versus Belgium, Haut-Rhin, Rhineland-Palatinate, and Vorarlberg populations [ Fig. 1]) ; and between insular and the most closely related mainland populations (mainland Italy and Dalmatia populations versus Corsica and Sardinia) to assess whether genetic diversity decreased following expectations of the island syndrome (Whittaker and Fernández-Palacios 2007) .
Estimation of divergence times between mitochondrial lineages.-Because populations of recent origin may not be at genetic equilibrium, the estimate of the timing of intraspecific divergence must be interpreted cautiously. Therefore, an approximate timing of divergence between the observed mitochondrial lineages was calculated on the basis of the percentage of GD obtained with a distance analysis (K2P FIG. 2. -Most likely tree of the PhyML reconstruction for the 37 cytochrome-b gene haplotypes of Eliomys quercinus, 4 haplotypes of E. melanurus, and the outgroups Glis glis and Dryomys nitedula. Information in the 1st pair of brackets indicates the karyotype and the number in the 2nd pair of brackets indicates the number of individuals when more than 1 has the same haplotype (see Table 1 and Fig. 1 for sampling locations) . Numbers on branches indicate posterior probabilities in MrBayes analysis (above), when available for the node, and percentage of bootstrap support in the PhyML analysis (below). Note that posterior probabilities under 0.8 and bootstrap values under 50% are not shown.
distance -Kimura 1980) , and was corrected for ancestral mitochondrial DNA (mtDNA) polymorphism, as proposed by Avise (2000) using the formula:
where P net is the corrected distance between the isolated lineages A and B, P AB is the mean genetic divergence in pairwise comparisons of individuals A versus B, and P A and P B are mean genetic divergence among individuals within these lineages. We calibrated the absolute rate of molecular evolution of Cytb gene sequences based on the estimation of divergence time between E. melanurus and E. quercinus estimated to 7 million years ago (mya) and derived from paleontological and molecular data (Montgelard et al. 2003) .
Because of unexpected high divergence between the 2 clades of E. melanurus (5.58% 6 SD0.78%), which may reflect the existence of 2 cryptic species, we considered the ancestral genetic diversity of this species as the mean of each intraclade diversity.
RESULTS
Phylogenetic and network relationships of haplotypes.-A total of 37 haplotypes were identified among the 62 Cytb gene sequences of E. quercinus (EMBL accession numbers HE611090-HE611093 and HE613976-HE614012). Aligned sequences provided 783 bp for analysis, of which 103 sites were variable and 71 were parsimony informative. The mean transition to transversion ratio was 4.38 and the nucleotide frequencies are 29.1%, 26.9%, 13.8%, and 30.3% for A, C, G, and T, respectively. The number of substitutions between haplotypes ranged from 1 to 34. The Cytb gene of 3 individuals of E. melanurus from Morocco and of 1 E. melanurus from Israel also were sequenced, providing 4 additional haplotypes.
We performed a maximum-likelihood reconstruction analysis on the complete haplotype data set of Eliomys sp. In addition, the Cytb haplotypes from 2 species were used as outgroups, the edible dormouse (G. glis; GenBank accession number AJ001562- Reyes et al. 1998 ) and the forest dormouse (D. nitedula; GenBank accession number AJ225116-Bentz and Montgelard 1999). The 4 sequences of E. melanurus segregated in 2 well-distinct mitochondrial lineages (i.e., clades) using the maximum-likelihood reconstruction (bootstrap resampling percentage, BT hereafter, and posterior probabilities, PP hereafter; 78.7% and 99.6% BT, 0.95 and 1.00 PP; Four relatively well-supported genetic clades could be distinguished within E. quercinus (Figs. 1 and 2 ): the 1st one included Iberian and southern French populations (clade 3, 98.6% BT, 1.00 PP; hereafter Iberian clade), the 2nd included Italian mainland populations plus populations from Corsica, Sardinia, and Dalmatia (clade 4, 78.7% BT, 1.00 PP; Italian clade), the 3rd covered the northernmost populations of western Europe, namely Austria, Belgium, the northern half of France, and Germany (clade 5, 96.1% BT, 1.00 PP; western European clade), whereas the Alpine populations formed the 4th clade (clade 6, 64.0% BT, 1.00 PP; Alpine clade). One additional haplotype from mainland Italy was next to the Italian clade. There was no clear phylogenetic relationship among the 4 E. quercinus clades but the Iberian clade seemed to be weakly differentiated from all other clades (60.6% BT, 0.92 PP, Fig. 2 ) and the Alpine and western European clades were more closely related to each other than to the Italian clade (23.5% BT, 0.95 PP; Fig. 2 Fig. 2 ). The minimum spanning network using the 37 haplotypes of E. quercinus and 4 haplotypes of E. melanurus showed that genetic differentiation among groups of haplotypes was large (5-14 mutational steps in E. quercinus, i.e., 0.008-0.022 mutational steps by base pair; and 7-31 in E. melanurus, i.e., 0.009-0.040 mutational steps by base pair; Fig. 3) . The network showed a general congruence with the phylogenetic reconstruction, because the same 6 clades and subclades of Eliomys sp., as defined above, could be found. Yet the Italian clade displayed a strong differentiation among subclades (10 mutational steps); whereas in contrast, Italian and Alpine clades showed the lowest differentiation (5 mutational steps).
The median-joining and TCS networks mostly corroborated the topology observed in the minimum spanning network (data not shown). Both reconstructions showed a high differentiation between clades and supported the same topology between subclades, except for the median-joining network that linked the clades of E. melanurus to E. quercinus via the Iberian clade. The median-joining network also differed from the minimum spanning network by including the haplotypes from Lozère with the haplotypes from Portugal or with the haplotypes from the Pyrenees Mountains, and grouping all haplotypes from mainland Italy together.
Phylogeographical and population genetic structures.-The AMOVA showed that the majority of the mtDNA variation (77%) was distributed among clades, whereas a low percentage of this variation (15%) was observed among populations within the main lineages (data not shown). Similarly, the comparison of nucleotide, haplotype, and genetic divergence values within versus between clades revealed that most of the nucleotide differences distinguish the different clades (Table 2) . Thus, a high degree of genetic divergence differentiated the 4 clades (Fig. 2) .
A signature of population growth-a bell-shaped distribution (Fig. 4a )-was present in the distribution of the substitutional differences of the Alpine clade, as would be expected for populations expanding after the last ice age from a relatively small number of founder individuals (Luikart et al. 2001 ). The same distribution was observed for the western European clade and to a lesser extent for the Iberian clade (Fig.  4b) . When removing the sequences from Portugal and Lozère from the Iberian clade, the bell-shaped distribution was improved (data not shown). Conversely, the mismatch distribution for the Italian clade did not show a bell-shaped distribution and showed rather a multimodal distribution (data not shown), which suggests that the populations have remained stable with large, long-term effective population size.
The Italian clade displayed a higher mean GD and p than other clades (Table 2 ; Fig. 4) . The Alpine and the western European clades showed comparatively low levels of GD and p as did the Corsica and Sardinia subclades. This may reflect genetic bottlenecks or recent population expansion from a small number of founder individuals in Alpine and western European clades and Corsica and Sardinia subclades (Avise 2000) . The Iberian clade showed intermediate values of GD and p. The p, h, and GD values for the western, potential refuge regions, and for the more eastern populations within the western European clade, or for the southern and northern populations of the Iberian clade, were similar ( Table 2) .
Estimation of divergence time between mitochondrial lineages.-Applying the correction method of ancestral polymorphism, we found an average genetic divergence of 0.46% 6 SD0.05% K2P genetic divergence per million years, which is in the lowest range of values recorded for mammals (Avise et al. 1998) . The divergence time between the Iberian clade of E. quercinus and the others was estimated at 4.5 6 SD0.83 million years ago (mya); between the Alpine, Italian, and western European clades at 4.2 6 1 mya; and between the 2 clades of E. melanurus at 5.6 6 3.0 mya. The divergence of the mainland Italian, the Corsica and Sardinia, and the Dalmatia subclades was estimated at 4.0 6 1 mya, whereas the Portugal subclade diverged from other Iberian populations at 2.0 6 0.71 mya and the Lozère subclade at 0.89 6 0.14 mya.
DISCUSSION
Relationships between mitochondrial lineages and chromosomal races.-The phylogenetic and network reconstructions revealed the existence of 4 main mitochondrial lineages (i.e., clades) partially reflecting the differentiation in chromosomal races: the Iberian clade with the ''Iberian'' 48-chromosome karyotype ( Figs. 2 and 3) . The genetic divergence between these 4 lineages was high, varying from 2.2% to 3.9% of K2P genetic divergence (Kimura 1980) . The AMOVA clearly indicated that the majority (~77%) of haplotype diversity was distributed among these clades (data not shown). The various intraspecific haplogroups of E. quercinus diverged between 5.6 and 0.88 mya. Our results show that the genetic differentiation of the mitochondrial lineages of E. quercinus, and corresponding chromosome races, predates the Quaternary glaciations. Several subclades in the Iberian clade diverged more recently, revealing that the differentiation process went on during the Quaternary glaciations. Iberian and western European clades are genetically distant, indicating that they did not diverge recently from each other. A single Robertsonian fission likely took place in the western European lineage long before the postglacial northward recolonization from Iberia toward western Europe, as proposed by Arroyo Nombela et al. (1982) and Filippucci et al. (1988b) .
Incongruities between the chromosomal races and phylogenetic structure occurred in the Alpine clade in which individuals with both 52 and 54 chromosomes were found. In the other clades, 5 haplotypes displayed a chromosomal number differing from that usually found (Fig. 1) . The chromosomal variations within each Cytb clade can be explained by Robertsonian fissions and other simple chromosome rearrangements; a 48-chromosome karyotype is considered the ancestral karyotype because of its prevalence in the genus Eliomys and in the related genus Dryomys (Filippucci et al. 1988a ). Each incongruity could be explained by the following scenario. The complicated pattern of karypotypehaplotype in Sardinia occurred when a Robertsonian fission took place in an isolated continental population of the ''Italian'' 48-chromosome clade, which produced the 50-chromosome pattern present in Sardinia . The diversity of karyotypes in the western European clade occurred when a hybridization took place between a western European mother (2N ¼ 50) and an Iberian father (2N ¼ 48) , producing the 49-chromosome hybrid. Such a female (49-chromosome hybrid) was then backcrossed with a 48-chromosome Iberian male to produce an offspring with 48 chromosomes and the western European mtDNA (Table 1; Figs. 1 and 2) . Examination of these data suggests that chromosomal hybrids can persist in nature and may thus not suffer large fitness reduction. Further evidence for gene flow among chromosomal Demographic history and postglacial recolonization routes of E. quercinus in Europe.-Iberian, western European, and Alpine clades likely underwent a recent population expansion from a small number of individuals after a genetic bottleneck, as suggested by the measures of genetic diversity and the mismatch distribution analysis (Table 2; Fig. 4) . The presence of 2 well-differentiated subclades in Portugal and southwestern France, and the absence of a north-south diversity gradient, suggest the existence of allopatric refuges in these regions for the species (Table 2 ). The paleontological records of E. quercinus are numerous in these areas and are recorded from the late Pliocene to the Holocene, including the last glacial age. Other species used these glacial refuges from 3.4 mya to present (Bicho et al. 2003; Kowalski 2001; López Antoñanzas and Cuenca Bescós 2002; López-García et al. 2010; Marks et al. 2002; Povoas et al. 1992; Sesé and Villa 2008; Villa et al. 2010) .
The recolonization of western Europe likely did not follow the traditional recolonization routes reviewed by Hewitt (1999) , because we could not find a gradient of genetic diversity in either the western European or Iberian clades ( Table 2) . The western European clade may have rather expanded from a cryptic refuge in continental Europe, as shown in other rodent species (Deffontaine et al. 2005) . Such a refuge could be located at the foot of the northwestern Alps where remains of E. quercinus have been recorded back to 0.12 mya (Eemian: Côte d'Or, Ardèche) including during the last glacial age (lower Vistulian: Côte d'Or, Jura, Yonne-Chaline et al. 1995; Kowalski 2001) . Furthermore, the species is known to be tolerant of cold climates because it is found in the Alps and Pyrenees up to 2,300 m in elevation and in southern Finland (R. Libois, University of Liège, pers. comm.) .
In contrast, the higher genetic diversity observed in the Italian clade is likely the result of the long-term survival of populations with relatively high and stable numbers of individuals ( Table 2 ). The presence of differentiated subclades in Italy reveals that the populations differentiated in allopatric refuges, as observed for other species such as the common squirrel (Sciurus vulgaris), which shows a distinct lineage in Calabria (Grill et al. 2009) , and the wood mouse (Apodemus sylvaticus-Avise 2000; Michaux et al. 1998; Nieberding et al. 2005) . The paleontological records of the garden dormouse are limited to 0.19 mya to present in the Italian peninsula (Ronchitelli et al. 2011 ), yet evidence of Eliomys sp. has been recorded in the early Pleistocene but has not been clearly attributed to E. quercinus (Kotsakis 2003) .
Similarly to E. quercinus, highly divergent lineages can be found in the edible dormouse (G. glis) in Italian populations (Hürner et al. 2010) . The Italian lineage of G. glis expanded throughout the whole distribution range of G. glis, indicating that the Italian peninsula was the main glacial refuge area of G.
glis. The Alps may thus have acted as a stronger barrier to dispersal in E. quercinus, because the Italian lineage appears to remain limited within the Italian peninsula and around the Adriatic Sea. Analysis of samples from Romania and Russia with a known karyotype of 48 chromosomes is needed to provide firm conclusions (Graphodatsky and Fokin 1993; Murariu et al. 1985) .
We identified the geographic origin of the island populations based on the phylogenetic proximity of insular haplotypes to continental haplotypes (Fig. 1) . Moreover, the karyotype of insular individuals was either identical to those of the continental population they likely originated from, or it differed by a single Robertsonian fission. Based on these data Formentera was colonized by Spain (as suggested by Ramalhinho and Libois [2001] ), and Corsica and Sardinia populations originated from Italy or Dalmatia via the Italian peninsula (Table 1; Figs. 2 and 3). The earliest records of E. quercinus in Sardinia (6,000 years ago- Vigne and Alcover 1985) and in the Balearic Islands were recent (Majorca: 6,000 years ago, and Menorca: 3,300-3,400 years ago [Vigne and Alcover 1985] ) and coincided with the arrival of humans in these islands (Alcover et al. 1999; Traveset et al. 2009 ). Thus, this colonization was the result of passive or active transportation by humans (Dobson 1998; Ramalhinho and Libois 2001) . The phylogenetic differentiation of the Sardinian population was more ancient, and reveals that the island population diverged in the mainland before the colonization of the island.
Taxonomic consideration of Eliomys populations.-The time of divergence for lineages of E. quercinus was estimated to have occurred around 4.2 mya. In contrast, the closely related species G. glis contained lineages that diverged much more recently, between 0.46 and 0.9 mya (Hürner et al. 2010) . The contrasting pattern of divergence mirrors measures of genetic diversity obtained for both species, which are higher in E. quercinus than in G. glis despite the larger sample size for the latter species (62 versus 130 individuals, respectively). The mitochondrial lineages found in E. quercinus also are differentiated by a larger amount of genetic divergence (2.2-3.9% K2P distance for E. quercinus, and 0.5-1.5% for G. glis-Hürner et al. 2010). Finally, a significant amount of genetic variability is distributed within, rather than among, clades in E. quercinus (more than 20% of genetic variance is present within clades in the AMOVA) but not in G. glis (less than 5%-Hürner et al. 2010). These results are consistent with the more ancient origin of lineages of E. quercinus compared to lineages of G. glis. However, the maintenance of gene flow between chromosomal races of E. quercinus, and the monophyly of the genetic lineages, leads us to propose that populations of E. quercinus are part of a single species, as proposed by Filippucci et al. (1988b) .
Recently, E. quercinus and E. melanurus were clearly established as distinct species on the basis of the sequencing of 1 mitochondrial and 3 nuclear genes, and their time of differentiation was dated back to 7.0 6 0.9 mya (Montgelard et al. 2003 ; but see Filippucci et al. [1988b] for the estimation of a more recent divergence event based on an allozyme study), the expected amount of time that allows divergence between mammal species of the same genus (Avise et al. 1998 ). However, the taxonomic position of the Maghrebi populations of the garden dormouse remains unclear because only 1 individual of the so-called E. melanurus was sampled in Israel previously (Montgelard et al. 2003) . The Maghrebi populations are thus currently considered as part of E. melanurus (Filippucci et al. 1988b) or as part of E. quercinus (Kryštufek and Kraft 1997) , whereas some propose it is a 3rd species, E. munbyanus (Holden 2005) .
The comparison of the phylogeographic structure of samples of E. quercinus and E. melanurus and the information about their chromosomal races provides some insight about the taxonomic status of both species' populations. E. quercinus displays a Cytb genetic diversity of 2.5% 6 0.43% of K2P genetic divergence (Table 2) , which is in the range of values of what is usually found in conspecific phylogroups (Avise et al. 1998) .
Sampled individuals of E. melanurus are included in 2 distinct clades, 1 of which (clade 2) is phylogenetically closer to lineages of E. quercinus than to the other lineage of E. melanurus (clade 1; Fig. 1 ), suggesting the existence of 1 or 2 distinct valid species within so-called E. melanurus. The large genetic differentiation, and related divergence time, found between the 2 clades of E. melanurus suggest that the 2 clades diverged in allopatry in different areas of the southern Mediterranean Basin, probably following the aridification of North Africa during the Quaternary (Filippucci et al. 1990 ). Yet, we need additional samples to confirm the distinctiveness of the 2 clades of E. melanurus. Interestingly, individuals bearing the same karyotype (46 chromosomes) but distinct mitochondrial lineages (Mo1 and Mo3 haplotypes in clades 2 and 1, respectively) coexist in Morocco and were captured at the same trapping station (Cape Spartel [ Fig. 1 Table 1 ]) belong to the same mitochondrial lineage (clade 1), suggesting that gene flow also persisted after the segregation into distinct chromosome races and may still persist at present. The 46-chromosome Maghrebi individual in clade 1 is indeed the result of hybridization between the Maghrebi populations with 46 chromosomes and individuals with 48 chromosomes that would have differentiated in allopatry. Thus, the discrepancies between the mitochondrial data and the chromosomal races do not support the existence of several species within E. melanurus, as described by Filippucci et al. (1988b) .
The divergence time between E. quercinus and E. melanurus was estimated at 7.0 mya (Montgelard et al. 2003) , and paleontological data attest to the presence of ''modern'' Eliomys sp. in the Iberian Peninsula and in North Africa since the late Miocene (García-Alix et al. 2008) . One can imagine that Eliomys diverged into at least 2 species following the Messinian Crisis when contacts between Europe and Africa allowed the garden dormouse to colonize North Africa, as shown for other terrestrial vertebrates (Agusti et al. 2006; Dobson 1998 ).
It appears that chromosomal divergence in E. quercinus did not lead to complete cessation of gene flow between mitochondrial lineages because hybrid individuals can be found (e.g., individuals with 49 chromosomes [ Table 1 ]) and individuals with distinct chromosome races can be found within a mitochondrial lineage. We thus suggest that all European garden dormice belong to the species E. quercinus, which is formed by at least 4 lineages that can be considered as independent evolutionarily significant units (Fraser and Bernatchez 2001; Moritz 1994) . These evolutionarily significant units can be largely identified by their karyotype or by their mitochondrial sequence, but not by morphological traits, which may reflect local adaptations of populations (Filippucci et al. 1988a ). Conservation efforts must be focused on each of these evolutionarily significant units in order to conserve intraspecific genetic and chromosomal diversities. Moreover, contact zones between chromosomal races, for instance Charente and the Alps, could be additional targets for conservation efforts, because these regions include both distinct chromosomal races and potentially hybrids between these races.
The phylogeographic pattern is in agreement with paleontological data and indicates an expansion of the distributional range of the species from glacial refuge zones, including the Iberian Peninsula and southern France, the Italian peninsula, and additional, unexpected refuges possibly located in the (north) western part of the Alps, and at the foot of the Alps. Although the differentiations of the clades are ancient, suggesting that these refuges were active long before the start of the Quaternary ice ages, genetic differentiation continued during this period. To improve the estimation of the genetic diversity and recolonization patterns in Europe for the species, additional sampling is needed in mainland Italy, Finland, Poland, Romania, Russia, Slovakia, and in some potential hybridization areas such as central and western France. Moreover, investigations based on nuclear genes may help to clarify these findings and investigations at the population level could provide information on dispersal abilities of the species and inform conservation efforts.
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